A method for fabricating robust and thin hollow-core optical fibers that carry mid-infrared light is proposed for use in endoscopic laser applications. The fiber is made of stainless steel tubing, eliminating the risk of scattering small glass fragments inside the body if the fiber breaks. To reduce the inner surface roughness of the tubing, a polymer base layer is formed prior to depositing silver and optical-polymer layers that confine light inside the hollow core. The surface roughness is greatly decreased by re-coating thin polymer base layers. Because of this smooth base layer surface, a uniform optical-polymer film can be formed around the core. As a result, clear interference peaks are observed in both the visible and mid-infrared regions. Transmission losses were also low for the carbon dioxide laser used for medical treatments as well as the visible laser diode used for an aiming beam. Measurements of bending losses for these lasers demonstrate the feasibility of the designed fiber for endoscopic applications.
Introduction
Mid-infrared lasers are increasingly being used in medical applications because mid-infrared light is strongly absorbed by the water, proteins, and lipids in human tissue. Mid-infrared lasers can be used in combination with a flexible endoscope or catheter for minimally invasive treatments of tumors and other diseased tissue. Such applications require an optical fiber that is sufficiently thin and flexible for insertion into the working channel of endoscopes or thin catheters. The fiber must also be able to deliver laser light to the target tissue with minimal transmission loss.
Common silica-glass fibers cannot transmit mid-infrared light with wavelengths longer than 2 µm because of absorption in the silica-glass material [1] , so many types of infrared optical fibers have been developed, such as chalcogenide-glass fibers [2, 3] , metal-halide polycrystalline fibers [4, 5] , and hollow-core optical fibers [6, 7] . Hollow-core optical fibers that confine light in an air core have some advantages over solid-core fibers for high-power laser delivery. Two types of hollow-core optical fibers have been developed so far. One is composed of glass capillary tubing with a silver film on the inside and a dielectric thin film on top of the silver [7] [8] [9] and this type of fiber is already used in medical applications [10] . The other is made entirely of glass and utilizes photonic crystal structures to confine light in the central air core [11, 12] .
Recently, an endoscopic submucosal dissection (ESD) process using a carbon dioxide (CO 2 ) laser has been developed for treating early-stage gastric cancer [13] , and this process uses a hollow-glass optical fiber to deliver the CO 2 laser light. ESD is performed using a fiber (inner diameter 700 µm, length 2.65 m) that transmits laser light with power up to 12 W. When using such a common hollow-core optical fiber for endoscopic applications, a surgeon must be careful not to break the fiber by bending it too sharply because the breakage may scatter small glass fragments inside the body. This damage could be fatal. Glass shards can be avoided by using plastic tubing for the hollow-core optical fiber [14] [15] [16] , but the power capacity of plastic-based hollow fibers is usually lower than that of glass-based fibers, especially when the fiber is bent.
Temelkuran et al. have developed a hollow waveguide with polymer dielectric multilayers that confines light by Bragg reflection [17] . Although this type of fiber transmits CO 2 laser light of relatively high power with low losses [18] , the chalcogenide material used for cladding may cause trouble in endoscopic applications.
Another option for fabricating a robust and flexible hollow-core optical fiber is to use metal tubing as the base material [19, 20] . However, the inner surface of metal tubing is usually much rougher than that of glass tubing, even after chemical etching. This roughness causes scattering loss of the transmitted light. In clinical applications of infrared lasers, delivery of a visible targeting laser beam along with mid-infrared laser is necessary to make the irradiated spot visible to the surgeon. When the inner surface of the hollow core is relatively rough, the visible light is strongly scattered and does not form a targeting dot.
In this paper, we propose a fabrication method for a stainless steel hollow-core optical fiber for mid-infrared light. To reduce the roughness of the tubing inner surface, a polymer base layer is formed before depositing a silver film. This base coating smooths the surface, and as a result, the transmission loss is reduced for both CO 2 laser light and visible light. Figure 1 shows a schematic of the proposed hollow-core optical fiber based on stainless-steel (SUS) tubing. The fiber begins as commercially available SUS tubing with an electrochemically polished inner surface. Although the root-mean-square (RMS) roughness of the surface is as low as 0.3 to 0.9 µm, it still causes scattering losses, especially for visible light. To smooth the inner surface of the SUS tubing, we form a relatively thick base coat of polymer on the surface. Then, a silver (Ag) film is coated on top of the base layer using the silver mirror reaction. Then, another polymer layer is formed on the top of silver layer and functions as an optical interference film. This polymer needs to be transparent to mid-infrared light since this layer optically functions as a dielectric film, so we use cyclic olefin polymer (COP) [21] . As the base-coating material, a commonly used two-liquid-reaction acrylic-silicone resin (AlcoSP, NATOCO, Aichi, Japan) was chosen. We chose this material partly because we found that it gives excellent adhesion to the silver film formed on top of the base coating [22] . The resin solution was made to flow through the SUS tubes (inner/outer diameter 550/780 µm) at 8 cm/min. Then nitrogen gas was flushed through the tubes at the rate of 50 mL/min for 1 h at room temperature to dry the resin coating. By this coating process, the resin film with a thickness of around 0.5 µm is formed. When forming the acrylic-silicone resin film, we found that re-coating several thin films yields a smoother surface than the thick film formed with a single coating. Based on the results of preliminary experiments, we chose a resin concentration of 45.5 wt % for the resin base coating.
Material and Methods
Before the silver coating process, the surface of the resin layer was sensitized with SnCl 2 solution to increase the adhesion of Ag film. A silver film was formed on the base coat by passing silver nitrate solution and reducing solution through the tube for 3 min. In the next step, we formed a COP thin film on the top of silver layer. The silver layer is usually only around 0.2 µm thick, so the cyclohexane solvent used to dissolve the COP may penetrate to the base layer through the thin silver film. In a preliminary test of whether the cyclohexane solvent damages the base coat, we removed the COP layer using cyclohexane and formed the COP again, comparing the loss spectra of the first and second COP-coated fibers.
In the measurement of the loss spectra in the visible to near-infrared region from 0.4 to 1.6 µm wavelength, of the fabricated fibers (550 µm inner diameter and 1 m length), an optical spectrum analyzer was used (AQ6315A, Yokogawa, Tokyo, Japan). Light from a halogen lamp was coupled to the fiber through a multimode silica-glass fiber with a core diameter of 400 µm. The output light from the tested fiber was then delivered to the spectrum analyzer using a silica-glass fiber with a core diameter of 600 µm. For measurement of the loss spectra in the mid-infrared region (2-12 µm), we used a Fourier transform infrared spectroscope (FT-IR) (FT/IR-350, JASCO, Tokyo, Japan). In this measurement setup, light from the FT-IR was coupled to the measured fiber by focusing the light with an off-axis mirror of focal length 50 mm. The light output from the fiber was detected using a liquid N 2 -cooled HgCdTe detector (MCT, JASCO, Tokyo, Japan).
Bending losses of the fabricated fibers were measured with a CO 2 laser (LezawinCHS, J. MORITA, Kyoto, Japan) of wavelength 10.6 µm and a green laser diode with wavelength of 532 nm. In the experiment, the laser light was firstly injected into a short hollow-core optical fiber (length 15 cm, inner diameter 530 µm) that functions as a mode filter. The tested fibers were butt-coupled to this short fiber. In the bending test, the first 25 cm of the fiber was kept straight, and the middle part was bent to different bending angles with a bending radius of 20.25 cm. The output power was measured with a laser power meter. Figure 2 shows the surface roughness of the films as observed by an atomic force microscope (AFM) (AFM5100N, Hitachi, Tokyo, Japan) with two and four base coats applied. For this observation, we made samples by cutting base-coated SUS tubes into small pieces. The roughness of different points were measured 5-12 times for each sample, and the mean values, excluding the maximum and minimum values, are plotted in the figure. The error bars show the uncertainty in the measurements. The RMS roughness of the inner surface of the original SUS tube was as large as 0.6-0.9 µm, and it was made drastically smoother by the base coat. One can see that the roughness decreased with each thin film coat, and we found that the minimum mean roughness of around 70 nm was obtained with four coats. Figure 3 shows typical AFM images of the inner surfaces of SUS tubing after applying two and four re-coatings. One can see that the inner surface of the SUS tubing was smoothed by applying the resin base coating. As mentioned above, the thickness of the resin coating formed by a single process is around 0.5 µm and thus, the total thickness of the film formed by four re-coatings is around 2 µm. Figure 4 shows changes in the loss spectra in the visible to near-infrared regions of fibers fabricated with the COP film. In this experiment, light from white light source was coupled to the hollow optical fibers via a graded-index, silica-glass fiber. When such an incoherent light is injected into a hollow optical fiber, many high-order modes are excited in the fiber and as a result, the attenuation losses become high such as shown in Figure 5a . Firstly a COP film was formed on the Ag layer and the loss spectrum was measured. Then the COP film was removed using cyclohexane solvent, and another COP film was formed on the Ag after the solvent was evaporated. We observed clear interference peaks resulting from the high uniformity of the COP film in both spectra, which shows that the acrylic-silicone base coating is not affected by the cyclohexane solvent. These clear interference fringes allow low transmission loss of the visible-wavelength target laser. In this figure, the loss spectrum of a fiber without COP film is also shown for comparison. Please note that losses of the fiber without COP film are lower than those with COP film in visible and near-infrared region. This is because silver itself provides a high reflectance in visible region and the COP coating on the top of silver somewhat reduce the reflectance of silver. However, in mid-infrared region, this relationship is inverted because silver does not show a high reflectance in the mid infrared and therefore, the COP film is essential for the fibers to obtain a low transmission loss for mid-infrared lasers. Figure 5a shows an example attenuation-loss spectrum of the COP-coated hollow-core optical fiber based on SUS tubing, measured in the visible region. The thickness of the COP film was finely tuned to match the interference fringe with the target wavelength of 532 nm that is used as the visible aiming beam of the medical CO 2 laser system. The thickness of COP film as estimated from the spectrum was 0.97 µm. Figure 5b is the loss spectrum of the COP-coated fiber measured in the mid-infrared region. The loss spectrum of a fiber without COP film is also shown for comparison. We confirmed that, with a COP film of the above thickness, two interference peaks appear around 2.2 µm and 4.4 µm and that a low-loss region was obtained owing to the interference effect of the COP film in the wavelength region of 9-11 µm. Although some sharp absorption peaks appear for the COP in the mid-infrared region, we confirm that no peak appears at the CO 2 laser wavelength of 10.6 µm. Figure 6 shows the bending losses of the COP-coated fibers based on SUS tubing measured with (a) a 10.6-µm CO 2 laser and (b) a 532-nm laser diode. In this test, the laser light was coupled to the measured fiber via a short (15-cm long) hollow optical fiber. As mentioned above, this short fiber tip was used as a mode coupler to eliminate high-order modes. As a result, the low order modes are efficiently excited in the measured fiber and therefore, the measured losses become much lower than those in the loss spectra (Figures 4 and 5 ) measured with an incoherent light. In Figure 6a ,b, the measured bending losses of a COP-coated fiber based on silica-glass capillary tubing are also shown for comparison. For mid-infrared CO 2 laser light (Figure 6a) , the straight loss of the COP-coated fiber was 0.75 dB. This loss increases to 3.2 dB when the fiber is bent 180 degrees. The measured losses of the SUS fiber coincide with those of the silica-glass based fiber. This result confirms that the acrylic-silicone resin coating functions well as a base layer that smooths the inner surface of SUS tubing. The losses of the fiber without a COP layer are much higher than the COP-coated fiber, and therefore, we find that a highly uniform COP layer is formed inside the SUS tubing with the help of the resin base coating.
Results and Discussion
For the visible laser, as shown in Figure 6b , the transmission loss is increased by the COP film formed on top of the silver layer because the reflection of silver is itself very high in the visible region. However, we confirm that the COP film does not largely affect the bending loss when the thickness is optimized, as shown in Figure 5a . Although the loss in the 180-degree bent fiber is as high as 20 dB, the green light transmitted through the fiber was clearly visible, confirming the feasibility of a COP-coated fiber based on SUS tubing for endoscopic applications in which a visible beam is needed at the target end. We also performed mechanical bending tests for samples of the fabricated fibers. The results of bending tests showed that the minimum elastic bending radius is 85 mm and that the fiber starts to snap at a bending radius of 2.5 mm.
The measured losses shown in Figure 6 are summarized in Table 1 . Comparing the losses of the SUS-based and the glass-based fibers with COP coating, the losses of the SUS-based fibers are still larger than those of the glass-based fibers for the wavelength of 532 nm because of the larger inner-surface roughness of the SUS-based fibers (70 nm in RMS for the SUS-based fibers and 10 nm in RMS for the glass-based fibers). However, for the mid-infrared laser with a longer wavelength of 10.6 µm, the effect of roughness becomes smaller and the SUS-based fibers show low losses that are comparable to those of the glass-based fibers. 
Conclusions
We have proposed a fabrication method for a robust and thin hollow-core optical fibers based on SUS tubing. This fiber is sufficiently flexible and optically robust for endoscopic mid-infrared laser applications. To reduce the inner surface roughness of the SUS tubing, we formed a polymer base layer before depositing silver and optical-polymer layers. By re-coating the resin base layer, the inner surface of the SUS tubing was made smooth enough for an effective optical layer to be formed. Clear interference peaks were observed in both the visible and the mid-infrared regions, so the hollow-core fibers promise low transmission losses for both the CO 2 laser and the visible laser diode used in endoscopic procedures.
So far, we have succeeded to fabricate the SUS-based hollow optical fibers with inner/outer diameters 550/780 µm only. However, it is technically possible to make fibers with larger diameters up to 1000 µm although the flexibility will be limited low for the fibers with such a large diameter. For smaller diameters, we have not succeeded to fabricate fibers with inner diameter smaller than 550 µm because of relatively high viscosity of the acrylic-silicone resin solution, which makes it difficult to form a uniform base coat for the fibers with small diameters. The maximum length of the fibers fabricated by the proposed method is also limited to 1 m for the same reason at this stage.
Though the SUS hollow-core optical fibers showed low bending losses for both mid-infrared and visible laser lights, the minimum elastic bending radius was limited to 85 mm because the diameter of the SUS tube is still relatively large at 780 µm. Although this diameter is small enough to be inserted into the working channel of endoscopes used for laser ESD, a bending radius of around 15 mm is sometimes necessary for these applications. To allow this degree of bending, we are working toward the fabrication of SUS fibers with inner/outer diameters 300/450 µm by optimizing the coating conditions of base coating.
